INTRODUCTION
During the past three decades, there has been significant progress in both the understanding and treatment of cancer. However, cancer remains the second leading cause of death in the U.S., and the Director of the National Cancer Institute (NCI) has challenged the cancer community to eliminate suffering and death due to cancer by 2015 (1) . Achieving this goal will require not only improved therapies but also improved methods to assess an individual's risk of developing cancer, to detect cancers at early stages when they can be more effectively treated, to distinguish aggressive from nonaggressive cancers, and to monitor recurrence and response to therapy. Improving methods to screen asymptomatic populations for the presence of early stage cancers is a particularly challenging problem. The American Cancer Society has recently recommended various diagnostic tests to screen populations for the early detection of many cancers of high incidence including breast, colon, and prostate (2) . However, there are no viable screening methods for other common cancers, such as lung cancer.
While diagnostic, imaging methods can be used to identify individuals with cancer, many are too labor-intensive and expensive for screening large asymptomatic populations. Moreover, some have met with resistance by the general population, as they can be embarrassing or inconvenient, limiting their usefulness for screening this group. Also, diagnostic imaging methods often miss smaller lesions, with the disease not diagnosed until it is in an advanced stage when therapeutic intervention is usually less effective. In the past several years, there has been increasing interest and enthusiasm in molecular markers as tools for cancer detection and prognosis, both as stand-alone diagnostic tools and to complement existing imaging methods and technologies.
In this article, we briefly discuss molecular technologies used for biomarker discovery and analysis and provide examples of how they can potentially be used to identify at-risk individuals and early cancers.
WHY ARE BIOMARKERS USEFUL?
Cancers arise from an accumulation of genetic and/or epigenetic changes that result in alterations of the proteins expressed in the affected cells. The levels of specific proteins can be increased or decreased or their functions and distributions altered by posttranslational modifications. These protein alterations can affect cell metabolism and physiology, cell growth and death, and secretion of molecules that signal other cells and tissues. In cancer research, molecular biomarkers refer to substances that are indicative of the presence of cancer in the body. Biomarkers include genes and genetic variations, differences in messenger RNA (mRNA) and/or protein expression, posttranslational modifications of proteins, and metabolite levels. As the molecular changes that occur during tumor progression can take place over a number of years, genomic, proteomic, and metabolomic biomarkers can all be potentially used to detect cancer, determine prognosis, and monitor disease progression and therapeutic response ( Figure 1) .
Traditionally, biomedical research has been hypothesis-driven; investigators put forth hypotheses and design experiments to test them. Recent advances in high-throughput technologies have given rise to more technology-driven research. Rather than putting forth a hypothesis, investigators apply high-throughput methods to biological systems and look for interesting results that could lead to hypothesis generation for further testing. For example, using microarrays containing thousands of different cDNAs, it is possible to look for differences in gene expression in cancerous versus normal tissue. Both hypothesis-driven and technology-driven approaches are applicable to biomarker discovery.
PLATFORMS FOR BIOMARKERS ANALYSIS

Genomic Technologies
Genomic technologies allow the determination and monitoring of genetic factors that underlie carcinogenic transformation and genetic alterations caused by environmental agents. Commonly used genomic technologies include DNA microarrays, PCR-based assays, and fluorescence in situ hybridization (FISH). Advantages of these genomic approaches include the existence of a number of high-throughput robust assay methods and the ability to amplify specific DNAs and RNAs that may exist in very low concentrations in the specimens. DNA-based biomarkers include genetic mutations, loss of heterozygosity (LOH), microsatellite instability (MSA), and DNA methylation. RNA-based biomarkers are mostly mRNAs found in tissues and bodily fluids.
DNA microarrays have revolutionized the field of molecular biology by allowing the simultaneous determination of the expression of thousands of genes, making it possible to determine gene expression profiles under a variety of biological conditions. By comparing the relative levels of mRNA for thousands of genes in normal and cancerous tissues, it is possible to identify biomarkers that are differentially expressed in malignant tissues and to classify them, including lymphoma, leukemia, lung, and breast tumors (3). Once a panel of genes has been identified for a particular cancer, the challenge is to translate this information into a robust assay that can be efficiently applied in the clinic. Many companies are beginning to commercialize these technologies into meaningful clinical tests (4) .
Oligonucleotide-based microarrays are used to study genetic mutations and polymorphisms and are used for genome-wide mutation searches. One advantage of oligonucleotide-based microarrays is the ability to amplify the DNA signal from even suboptimal samples.
A disadvantage of DNA microarrays is that they provide information only on relative gene expression levels and not quantitative measurements of mRNA. Real-time PCR is an alternate technology that provides quantitative measurements of gene expression and allows for amplification and analysis with little sample processing and no radioactivity (5) . This technique can analyze multiple genes simultaneously and is a powerful multiplexed tool for analyzing target genes from microdissected tissue. Once the target genes or mRNAs are identified and characterized, real-time PCR may emerge as the method of choice for many genomic analyses. Many PCR-based technologies are being developed for genetic screening (6) .
Proteomic Technologies
The term proteomics was originally coined to describe largescale, high-throughput separations and identifications of proteins, but has been expanded to include functional and structural analyses of proteins. Proteomics provides information that is both complementary and distinct from that provided by genomics. Protein-based biomarkers include alterations in the levels and posttranslational modifications of proteins found in tissues and bodily fluids. Advantages of proteomic approaches include the existence of established and quantifiable assay methods. Indeed, most cancer biomarkers used today in the clinic are antibody-based tests for proteins in sera [e.g., prostate-specific antigen (PSA) for prostate cancer and cancer antigen-125 (CA-125) for ovarian cancer].
Hypothesis-driven research has provided a wealth of information on proteins that play significant roles in carcinogenesis and whose abnormal expressions may be useful as biomarkers for cancer. However, the number of clinically useful biomarkers that have resulted from this approach is quite low, and many investigators are exploring high-throughput technologies to expedite the discovery process. Technology-driven high-throughput proteomic approaches include 2-dimensional gel electrophoresis (2-DE) and various forms of mass spectrometry (MS). Extracts from control and cancerous tissues or cells are fractionated by 2-DE, and proteins, whose intensities are significantly increased or decreased in disease tissues, are identified using MS. For example, 2-DE was recently used in combination with MS to identify proteins that are specifically overexpressed in a variety of cancers, including ovarian and gastric cancers (7, 8) . The limitations of the 2-DE approach are well known and include lack of reproducibility, low resolution, and the need for relatively large amounts of sample. Even with recent modifications, 2-DE is a relatively low-throughput methodology with limited clinical applicability.
A number of newer methods for large-scale protein analysis are being used or are under development. Several of these rely on MS and database interrogation, and include fractionation of protein extracts by liquid chromatography (LC) followed by identification of proteins or peptides by MS. Comparative MS methods, which rely on labeling with different isotopes, have been developed to determine the relative amounts of peptides or proteins in two different samples. Although these comparative MS techniques are useful for determining proteins that are differently expressed in control versus disease, they are expensive, low-throughput, and not suitable for routine clinical use.
One of the more widely used proteomic technologies is surfaceenhanced laser desorption/ionization time-of-flight MS (SELDI-TOF MS). SELDI-TOF MS has the potential to be high-throughput and adaptable to clinical use. Protein fractions or bodily fluids are spotted on chromatographic surfaces that selectively bind a subset of proteins (ProteinChip ® Arrays; Ciphergen Biosystems, Fremont, CA, USA), and the bound proteins are ionized and analyzed by TOF MS. This method has been used to identify cancer biomarkers, including the α-chain of haptoglobin (Hp-α) for ovarian cancer and α-defensin for bladder cancer (9, 10) . Investigators are also using SELDI-TOF MS to acquire proteomic patterns from bodily fluids. These complex patterns are analyzed using pattern recognition algorithms to identify a set of peaks that can be used to distinguish cancer from control. An interesting aspect of this approach is that the identification of these proteins or peptides may not be necessary for the development of a clinical assay; a SELDI-TOF MS protein profile by itself may be sufficient for screening. For example, SELDIquadruple-TOF MS high-resolution profiles have been reported to identify patients with stage I ovarian cancer with 100% sensitivity and specificity (11) . Similar but less dramatic results have been reported for other types of cancers (12, 13) . Recently, other proteomic approaches, such as matrix-associated laser desorption/ionization time-of-flight MS (MALDI-TOF MS), have been applied to clinical practice for cancer detection (14, 15) . It is uncertain whether protein profiling will prove to be as valuable a diagnostic tool as the initial papers suggest. Factors, such as interfering or high-abundant proteins in the sample, variations in diet, or inflammation, which can influence the protein patterns and peak intensity, need to be taken into consideration. Other factors, such as sample quality, variability between instruments, inter-lab variations, and differences in chip composition from separate batches and companies, can all influence the reproducibility and resolution of the patterns. There is also need for robust algorithms that can effectively detect molecular patterns reproducibly and consistently. Currently many labs, including NCI's Early Detection Research Network (EDRN)-sponsored labs, are conducting validation studies to address these issues. Another proteomic approach gaining attention for molecular screening is protein arrays composed of either recombinant proteins or antibodies. These protein arrays are similar to DNA microarrays in their layout and utilize the principles of immunoassays for detection of tumor antigens. Robust platforms with high analytical sensitivity enable simultaneous detection of several tumor-specific antigens. Specific antigen-antibody interactions make this approach sufficiently precise to identify cancer-specific antigens and enable accurate diagnosis of cancer. Its portability and throughput make it attractive as a screening tool.
Metabolomic Technologies
Metabolomics refers to the study of metabolites present in cells, tissues, and bodily fluids. The potential usefulness of metabolomics for detecting and monitoring cancer is that the identities, concentrations, and fluxes of these molecules are the final products of interactions between gene expression, protein expression, and the cellular environment. The limited number of metabolites and metabolic products makes them suitable for analysis by highthroughput methods. Carcinogenic transformation often involves changes in cellular metabolites, and metabolites of environmental toxins that play an important role in carcinogenic transformation are detectable in bodily fluids. Metabolomic approaches use analytical techniques such as nuclear magnetic resonance spectroscopy (NMR), high-performance liquid chromatography (HPLC), gasliquid chromatography (GLC), and MS to measure populations of low-molecular-weight metabolites. Advanced statistical and bioinformatic tools are then employed to maximize the recovery of information and to interpret the large data sets. An advantage of the metabolomic approach is that it is possible to interrogate more than one type of molecule (lipids, carbohydrates, nucleotides) at a time, giving a better description of cellular events. For example, oxidative damage may change cellular antioxidant status, resulting in differences in a variety of cellular pro-oxidant and antioxidant molecules. It is, therefore, always advantageous to analyze all the molecules and pathways. Metabolomic patterns may be influenced by the same factors as proteomic analyses. Recently, metabolomic approaches have been utilized to study the metabolic changes of hypoxia inducible factor-1 deficient tumors (16) . The potential of metabolomics for cancer detection is just beginning to be explored.
Multiplex Approaches
A limitation of many, if not all, currently used cancer biomarkers, is that they do not detect all individuals with cancer (false negatives). This results from both the progressive nature of cancer and its heterogeneity. Cancer is not a single disease but rather an accumulation of several events, genetic and epigenetic, arising in a single cell over a period of time. The problem of biomarkers indicating the presence of cancer when none is present (false positives) results because these biomarkers are not uniquely present in tumors. With no single biomarker providing 100% sensitivity and specificity, there is a need for an ensemble of biomarkers to enable molecular screening to reduce false positive and false negative cases. Consequently, methods that allow for the simultaneous measurement of several biomarkers are needed.
Sophisticated molecular technologies that can simultaneously identify a variety of promising markers are employed in the discovery phase. The same technologies may be used for clinical application. However, often as a biomarker progresses from discovery to validation and to subsequent clinical application, its measurement needs to be adapted to various platforms. Not all technologies are robust enough to pass through all the phases of biomarker development. For large-scale screenings, technologies need to be robust, flexible, and cost-efficient. Multiplex platforms allow for simultaneous analysis of several different biomarkers and are, therefore, attractive (18) . These approaches decrease the laborious sample preparation times. Another revolution in molecular detection is microfluidics technology that allows detection of molecules in suspension using lasers and fluorescent dyes (18) . It is now possible to simultaneously perform 100 bioassays in a single reaction with high sensitivity. Such approaches also require analytical tools to analyze the multidimensional, high-throughput data (19) (20) (21) . While the optimization of the technologies can be very complex, these multiplex technologies offer great promise for molecular screening.
PERFORMANCE CHARACTERISTICS OF BIOMARKERS IN SCREENING
Imaging is the most frequently used method for cancer screening. Currently, mammography for breast cancer, colonoscopy for colon cancer, and X-ray for lung cancer are the preferred screening methods. While mammography is effective as a frontline screening tool, its sensitivity significantly decreases in dense and heterogeneously dense breasts. It misses almost half of palpable tumors in extremely dense breasts (22) . Such uncertainties could result in unnecessary repeated exposure to radiation, surgical interventions, and psychological and emotional stress due to prophylactic mastectomies. Magnetic resonance and ultrasound imaging are better able to detect malignant and invasive cancers compared to mammography. These imaging strategies have been thought to improve the shortcomings of mammography screening. However, several research groups have shown that these sensitive screening methods result in overdiagnoses, leading to increased recall and negative open surgical biopsy rates in the U.S. (22, 23) . Molecular screening methods in combination with these imaging techniques may help alleviate this situation.
Biomarkers used for screening need to be able to detect early stage disease with high precision and sensitivity. Ideally, these biomarkers should be detected in specimens that can be collected by noninvasive means. Before any biomarker can be successfully employed in the clinic, its statistical and analytical performance characteristics must be validated. Various factors that influence the utility of the biomarker, such as age, diet, sex, and other associative factors need to be carefully considered in the initial stages of screening study designs and methods. Recently, various aspects of biomarker development have been discussed to guide molecular screening (24) .
Statistical characteristics of cancer screening tests include sensitivity and specificity. In the context of cancer screening, sensitivity refers to the proportion of individuals with cancer who test positive, and specificity refers to the proportion of individuals without cancer who test negative. An ideal screening test would have 100% sensitivity and specificity; everyone with cancer would have a positive test, and everyone without cancer would have a negative test. Unfortunately, most of the recommended screening tests have less than ideal performance characteristics, leading to a number of false positives and false negatives. Digital rectal examination (DRE) is the most common screening test for prostate cancer. However, its sensitivity and specificity vary widely and often leads to unreliable conclusions. The PSA test attempts to address these inadequacies. The normal range of PSA in serum is between 0-4 ng/mL. A serum PSA test value above this range would indicate the possible presence of prostate cancer. However, PSA is not specific to prostate cancer. It has a sensitivity of 70% and a specificity of 59%-97%, varying widely among different studies (25) (26) (27) (28) . Decreasing the PSA cutoff value to below 4 ng/mL would result in improved sensitivity, but specificity would decease, resulting in an increase in false positives. Even when PSA is used in combination with DRE, false positives are not eliminated. In a study conducted in the UK, PSA and DRE were used as frontline screening tools, and men with an abnormal result were examined using transrectal ultrasound (TRUS) imaging. Even with this effective screening design, 6% of the men had biopsies, but only 1.7% had prostate cancer (29) . Similar results have been reported in other screening trials of asymptomatic men (30) .
Even when a screening method provides high specificity and sensitivity, it may not be useful for screening the general population if the cancer has low prevalence. For example, if the cancer's prevalence is 1% and the test has 100% sensitivity and 95% specificity, only 17 out of 100 people with a positive test actually have cancer. The significance of this problem is obvious when one considers that the prevalence of ovarian cancer in the general population is about 0.04%.
The final step in evaluating a biomarker for screening is a large-scale population study that evaluates not only the utility of the biomarker for cancer detection but also the overall impact of screening on the population. These trials are time-consuming and expensive, and to date, few have been undertaken. For example, a 12-year screening trial for prostate, lung, colon, and ovarian cancer (PLCO) is still ongoing. Effective molecular tools that enable more accurate screening and flexible study designs may accelerate this process.
BIOMARKERS IN CANCER SCREENING
The type of biomarker used depends both on the application (exposure, risk assessment, early detection, prognosis, or response to therapy) and the availability of appropriate assay methods. While some markers give information on the presence of cancer, others provide information on the risk of developing cancer or the likelihood of an individual responding to a particular therapy. Some examples of biomarkers used in cancer research are listed in Table 1 .
Biomarkers of Exposure
Various environmental agents, such as smoking, asbestos, radiation, and other toxic agents, play important roles in carcinogenic transformation. Analysis of these compounds or their metabolites in biological fluids can provide a measure of the extent of exposure and, thereby, the risk of developing disease. Cotinine, which results from cigarette smoke, can be detected in urine and serum, and 1-hydroxypyrene, resulting from exposure to polycyclic aromatic compounds, and aflatoxin M 1 , resulting from dietary exposure, can be detected in urine (31) (32) (33) . Environmental agents can cause oxidative DNA damage and alterations in the DNA repair enzymes. Monitoring DNA adducts, single strand DNA breaks, chromosomal aberrations, sister chromatid exchanges and micronuclei, and other cytogenetic effects can provide useful information on carcinogen-induced damage. For example, the measurement of chromosomal aberrations in peripheral lymphocytes is a sensitive monitor of exposure to ionizing radiation (34) . Although biomarkers of exposure may not provide direct information for the presence of disease, they do provide information on the extent of increased risk of developing cancer.
Biomarkers of Risk
The majority of hereditary cancers, such as hereditary breast and ovarian cancer (HBOC), hereditary non-polyposis colon cancer (HNPCC), and familial adenomatous polyposis (FAP), involve germline mutations that put individuals at increased risk of developing these cancers (35, 36) . For example, the breast cancerassociated BRCA-1 gene encodes a 220-kDa nuclear protein that responds to DNA damage by participating in cellular pathways responsible for DNA repair, mRNA transcription, cell cycle regulation, and protein ubiquitination (37) . BRCA-1/2 mutations are used to determine the risk of women with a family history of breast cancer of developing breast cancer (38) . At least 10% of breast tumor patients carry BRCA mutations and are at increased risk for developing cancer early in their life. BRCA carriers diagnosed with cancer in one breast are at high risk of developing high-grade tumors in the contralateral breast compared to the general population (39) .
Many genetic tests are currently used to detect mutations in DNA for cancer risk assessment and for genes that predispose an individual to inherited cancer syndromes (40) (41) (42) (43) . The study of chromosomal aberrations and translocations frequently rely on molecular imaging techniques that are often time-consuming and lack portability. Recently it has been possible to identify the subgroups of patients at risk for developing leukemia by investigating myelodysplastic syndromes (MDS) karyotypic aberrations using FISH (44) .
Markers of susceptibility provide information to identify high-risk individuals and stratify populations. Once a high-risk cohort has been identified, it will be possible to monitor these individuals for the development of cancer. A problem associated with biomarkers of risk and exposure is that mere presence of such a biomarker does not mean that an individual will subsequently develop cancer. For example, although infection with Helicobacter pylori increases the risk of developing gastric cancer, not all the individuals that are positive for an H. pylori infection develop gastric cancer (45) . Similarly, detection of APC mutations and polyps in FAP indicates that an individual is at risk of developing colon cancer. It does not, however, determine if that individual is in fact going to develop the disease (46) . Such screening test results can cause anxiety and undesirable sociopsychological outcomes. Other concerns with screening for risk are unethical genetic and racial discrimination and breaches of privacy (35) .
Biomarkers of Early Detection
Carcinogenic transformation often results in secretion of elevated levels of biomarkers or abnormal molecules. Presence of such markers in bodily fluids can give information on the course of the disease. Studies have shown that specific proteins are overexpressed in a variety of cancers (47) (48) (49) (50) (51) . For example, PSA is secreted by prostate tissue and has been approved for the clinical management of prostate cancer (52) . CA-125 is a protein that is secreted by ovarian tissue and is recognized as an ovarian cancer-specific protein (53) . Identification of such biomarkers is of great interest as early detection of cancers may enhance treatment options, thereby increasing survival rates and providing for better disease management. Although biomarkers have great potential as effective screening tools, most of those currently available are far from ideal, and more research is needed in this area to develop and validate biomarkers for early detection or to develop panels of similar biomarkers.
Biomarkers in Prognosis and Treatment
Biomarkers are also used for cancer prognosis, prediction of recurrence, and monitoring drug response. Prognostic markers include genetic polymorphisms, mutations, and alterations in the protein expression. Breast tumors in carriers of BRCA-1 mutations are characterized by poor differentiation, high proliferation index, aneuploidy, and negative estrogen receptors, whereas tumors in carriers of BRCA-2 mutations are similar to sporadic breast tumors (39) . Despite the adverse phenotype and negative estrogen receptor status, BRCA-1 carriers have good prognoses compared to BRCA-2 carriers and sporadic breast cancers and have better overall survival (54) (55) (56) . Genetic polymorphisms and mutations may predict an individual's response to a drug and help the physician determine a suitable treatment regimen. For example, epidermal growth factor (EGF) receptor mutations have recently been shown to correlate with clinical response to gefitinib (Iressa ® ) (57) . FISHbased clinical assays are used to predict the sensitivity to Herceptin ® (trastuzumab) treatment for breast cancer (58) . In some instances, a single biomarker can be used in more than one clinical application. For example, BRCA-1/2 mutations can be used both in risk assessment and as prognostic markers. PSA is used both to screen for prostate cancer and to monitor for recurrence of prostate cancer. CA-125 has been effectively used for monitoring ovarian cancer treatment and as a diagnostic marker. Genomic, epigenomic, proteomic, and metabolic biomarkers can be used in cancer research. The approaches for biomarker analysis and their application to cancer research are given. The relevance of the biomarker to a cancer type and the nature of the specimen in which the biomarker can be analyzed are given in parentheses.
COLLABORATION IN BIOMARKER RESEARCH
A large and significant challenge facing the further development of molecular screening tests is to move biomarkers from the laboratory to the clinic. The complexity of taking a biomarker from its initial discovery through to an accepted clinical tool is beyond the scope and expertise of any individual laboratory and will require the commitment and collective efforts of various organizations and individuals.
Investigators from academia, government, and industry need to be committed to developing novel biomarkers with improved performance characteristics. Promising biomarkers need optimization for their use in clinical screening, and novel technologies need to be carefully validated. This will require coordination among biologists, clinicians, statisticians, and bioinformatic professionals. Industrial involvement from the initial stages should improve the likelihood of commercialization. NCI's Early Detection Research Network, a consortium of basic and clinical laboratories, is committed to bringing novel biomarkers from their initial discovery to clinical practice by creating the necessary infrastructure for the validation of these markers and developing standards and reference materials.
The American Cancer Society publishes annual guidelines for cancer screening. These guidelines are intended to enhance knowledge of early detection modalities, to improve decisionmaking with patients, and to draw attention to the unmet potential for early detection programs to reduce cancer mortality (2) . Interaction between investigator-networks, cancer societies, and patient advocacy groups will help establish realistic goals for molecular screening. Another important aspect of public forums is to bring awareness to health care providers and other professionals involved in screening. Cancer societies and patient advocacy groups have the responsibility to educate healthcare professionals about the recent advances in screening.
CONCLUSIONS
It seems unlikely that in the near future molecular markers will replace diagnostic imaging, but rather they will complement imaging in the screening process. Noninvasive molecular markers combined with diagnostic imaging can provide better ammunition to fight cancer by facilitating the screening process and enabling earlier detection. For example, one can envision that a relatively inexpensive biomarker test could be used to screen large populations and that positive tests would be confirmed by more expensive and accurate imaging tests. Such a scenario would require careful patient counseling so as not to cause undue anxiety if the biomarker test is positive. It is hoped that panels of biomarkers will improve overall test sensitivity and specificity, thereby, reducing the numbers of false positive and false negative results.
A common and valid criticism of biomarkers for early detection is that early detection may not necessarily result in reduced morbidity or mortality. Even for those accurately diagnosed as having cancer, the incremental benefit of early detection may be outweighed by adverse side effects of the treatment. While these are valid concerns, development of methods to more accurately detect cancers early will reduce the number of incorrect results and will stimulate the search for improvements in therapeutic strategies, leading to better management of the disease and, thereby, reduce suffering and death due to cancer.
